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Somites are embryonic precursors of the axial
skeleton and skeletal muscles and establish the
segmental vertebrate body plan. Somitogenesis is
controlled in part by a segmentation clock that
requires oscillatory expression of genes including
Lunatic fringe (Lfng). Oscillatory genes must be
tightly regulated at both the transcriptional and post-
transcriptional levels for proper clock function. Here,
we demonstrate that microRNA-mediated regulation
of Lfng is essential for proper segmentation during
chick somitogenesis. We find that mir-125a-5p
targets evolutionarily conserved sequences in the
Lfng 30 UTR and that preventing interactions between
mir-125a-5p and Lfng transcripts in vivo causes
abnormal segmentation and perturbs clock activity.
This provides strong evidence that microRNAs func-
tion in the posttranscriptional regulation of oscilla-
tory genes in the segmentation clock. Further, this
demonstrates that the relatively subtle effects of
microRNAs on target genes can have broad effects
in developmental situations that have critical require-
ments for tight posttranscriptional regulation.
INTRODUCTION
Somites are cohorts of cells that bud from the anterior end of the
presomitic mesoderm (PSM) and give rise to the axial skeleton
and other structures (reviewed in Hirsinger et al., 2000). During
somitogenesis, the expression levels of numerous genes oscil-
late in the PSM as part of a segmentation clock that controls
the timing of somite formation. The Notch target c-hairy-1 was
the first gene found expressed in this pattern (Palmeirim et al.,
1997). In mouse and chick, a key oscillatory gene is Lunatic
fringe (Lfng), which encodes a glycosyltransferase that modu-
lates Notch signaling (Moloney et al., 2000). During vertebrate
segmentation, both Lfng transcript levels and LFNG protein
levels oscillate with a period that matches the rate of somite
formation (2 hr in the mouse, 90 min in the chick) (Dale et al.,
2003; Pourquie, 2001).
Either loss of Lfng expression or sustained, nonoscillatory Lfng
activity perturbs somite formation and patterning, presumably554 Developmental Cell 24, 554–561, March 11, 2013 ª2013 Elsevierby altering its oscillatory expression (Dale et al., 2003; Evrard
et al., 1998; Serth et al., 2003; Zhang and Gridley, 1998). It is
known that cyclic Lfng expression is regulated at the transcrip-
tional level (Cole et al., 2002), but little is known about the
posttranscriptional mechanisms that contribute to the rapid
oscillations. Stable oscillatory expression patterns have been
proposed to be regulated by feedback inhibition mechanisms
coupled with transcriptional time delays (Lewis, 2003; Monk,
2003). Some mathematical models of the segmentation clock
invoke delayed feedback loops involving regulation of Notch1,
Lfng, and Hes7 (or c-hairy-1 in chick). In these models, mRNA
and protein half-lives of oscillatory genes must be tightly regu-
lated to ensure proper clock function (Feng and Navaratna,
2007; Gonza´lez and Kageyama, 2009). The Lfng 30 UTR is
evolutionarily conserved and has been proposed to regulate
RNA half-life (Chen et al., 2005; Hilgers et al., 2005). One possible
source of such regulation would be microRNAs (miRNAs), non-
coding RNAmolecules that direct posttranscriptional repression
of protein-coding genes by promoting RNA turnover and/or
by decreasing translational efficiency of their target transcripts
(reviewed in Bartel, 2004), and one model of oscillatory gene
expression has proposed miRNA functions in the clock (Xie
et al., 2007).
We hypothesized that the oscillatory expression of Lfng in the
segmentation clock could require posttranscriptional regulation
by miRNAs. Here, we identify an miRNA (mir-125a-5p) that is
enriched in the PSM and targets evolutionarily conserved
sequences in the Lfng 30 UTR. Inhibiting mir-125a-5p function
or preventing interactions between mir-125a-5p and endoge-
nous Lfng transcripts in vivo perturbs somitogenesis and
disrupts clock function in the PSM of developing chick embryos.
These findings support the hypothesis that regulation of oscilla-
tory genes by miRNAs may provide a mechanism for posttran-
scriptional control of the segmentation clock.
RESULTS
mir-125a-5p Is Expressed in the PSM and Targets
the Lfng 30 UTR
To examine the possibility that Lfng oscillations might be regu-
lated by miRNAs, we assessed the expression of candidate
miRNAs in the PSM, where the clock is active. By quantitative
RT-PCR (qRT-PCR) (Figure 1A) and miRNA microarray (data
not shown), we found that mir-125a-5p levels are higher in the
mouse PSM than in the mature somites. Thus, its expression is
enriched in the PSM where Lfng is predicted to require a shortInc.
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Figure 1. The Lfng 30 UTR Is an Evolutionarily Conserved Target of mir-125a-5p
(A) By qRT-PCR mir-125a-5p is significantly enriched in the PSM compared to the mature somites of E9.5 mouse embryos (*p < 0.05, Student’s t test,
error bars = SD).
(B) Lfng 30 UTR schematic showing high conservation among mouse, human, and chicken Lfng 30 UTRs (mVista Bray et al., 2003). Conserved regions shown as
colored boxes. Positions of TargetScan predicted miRNA binding sites define the first nucleotide of the 30 UTR as 1.
(C) RNA in situ analysis ofmir-125a-5p in whole-mount mouse embryos at E9.5 (a) and E10.5 (b) and in HH10 chick embryos (c). Section in situs of E10.5 mouse
embryos (d, sagittal; e, transverse) demonstratemir-125a-5p expression in the ectoderm andmesoderm, but not in the neural tube, notochord, or tail gut. Arrows
indicate most recent somite boundary; nt, neural tube; not, notochord; tg, tailgut. In situs with negative control probe on adjacent sections did not exhibit staining
(b0, c0, d0, e0).
(D) Transfection of pre-mir-125a-5p (125a) significantly reduces luciferase expression from pmir-mLfng30 UTR (pMIR-REPORT + mouse Lfng 30 UTR) compared
to transfection of a negative control pre-mir (NC#1). Mutations of the mir-125a-5p binding sites at either end of the 30 UTR (MUT1-3) abrogate this effect.
(E) Transfection of pre-mir-125a-5p significantly reduces luciferase expression from pmir-cLfng30 UTR (pMIR-REPORT + chicken Lfng 30 UTR). Mutations in the
mir-125a-5p (MUT) binding site abrogate this effect.
Two-way ANOVA, Bonferroni post hoc; *p < 0.05, **p < 0.01, error bar = SD. See Figure S1 for related analyses.
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mir-125a-5p Regulates Lfng during SomitogenesisRNA half-life.mir-125a-5p is proposed to target three sites in the
mouse Lfng 30 UTR, and one of the sites is conserved in chicken
(Figure 1B).Whole-mount in situ hybridization confirmed specific
expression of mir-125a-5p in the PSM of mouse and chickenDeveloembryos (Figures 1Ca–1Cc). Further, mir-125a-5p expression
was observed in mouse embryos in the ectoderm and meso-
derm but was largely excluded from the neural tube, notochord,
and tailgut (Figures 1Cd and 1Ce).pmental Cell 24, 554–561, March 11, 2013 ª2013 Elsevier Inc. 555
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mir-125a-5p Regulates Lfng during SomitogenesisThe Lfng 30 UTR Can Be Directly Targeted by
mir-125a-5p
To test whether Lfng is a direct target ofmir-125a-5p, we exam-
ined the effects of the miRNA on transcripts containing the 30
UTR of Lfng. Vectors containing either mouse or chick Lfng 30
UTR sequence exhibit lower luciferase expression than control
vectors in these cells due to the effects of endogenous miRNAs
(Figure S1A available online). However, expression of exogenous
mir-125a-5p causes a further significant reduction in luciferase
expression only from vectors containing the mouse or chicken
Lfng 30 UTR (Figures 1D and 1E). In contrast, mir-125a-5p
binding siteswere not identified in the 30 UTRs of other oscillatory
genes, andmir-125a-5p expression had no effect on expression
of transcripts containing the Hes7 30 UTR (Figure S1B). Mutation
of predictedmir-125a-5p binding sites at either end of themouse
30 UTR, or of the single site in the chicken 30 UTR abrogates the
effect of exogenous mir-125a-5p, indicating that mir-125a-5p
directly interacts with the Lfng 30 UTR and that these interactions
are conserved among organisms that utilize Lfng in the segmen-
tation clock.
Inhibition ofmir-125a-5p Activity Perturbs
Segmentation
To dissect the function ofmir-125a-5p in segmentation, we per-
formed loss-of-function experiments in chick embryos using in
ovo electroporation of antisense morpholinos to inhibit mir-
125a-5p activity. Morpholinos complementary to mir-125a-5p
(anti-mir-125aMO; Supplemental Experimental Procedures) bind
to endogenousmir-125a-5pand inhibit interactionswith its target
transcripts, as shown by our inability to detect mir-125a-5p by
in situhybridization inelectroporatedchickembryos (FigureS2A).
Twenty-four hours postelectroporation, the targeted region had
undergone segmentation. Inhibition of mir-125a-5p activity
perturbs formation and patterning of mature somites (n = 18/18;
Figure 2). Intersomitic boundaries were absent or disorganized
in the electroporated regions of the embryo (Figure 2A). Somite
patterning was also disorganized, with reduced and diffuse
expression of Uncx4.1, a marker of the caudal somite compart-
ment (Figure 2B). Inhibitionofmir-125a-5palso leads to formation
of disorganized and irregular myotome compartments, as
evidenced by weak and diffuseMyoD expression in the electro-
porated region (Figure 2C). Interestingly, phenotypes were
observed even in cases where electroporations levels were
comparably low. This is unlikely to be due to non-cell-autono-
mous effects of the morpholino. Instead, it reflects one of the
roles of the segmentation clock,which is to synchronize the oscil-
lations of neighboring cells. Mosaic regions of the embryo con-
taining wild-type cells mixed with cells that have altered clock
function are predicted to exhibit phenotypes at the tissue level
due to lack of cell:cell synchronization. This effect has recently
been confirmed in mouse embryos that are chimeric for wild-
type and Lfng-null cells (Okubo et al., 2012). Together, these find-
ings indicate that mir-125a-5p activity is required for normal
formation and patterning of epithelial somites.
mir-125a-5p Activity Is Required for Normal Cyclic Lfng
Expression
We next examined the effect of mir-125a-5p inhibition on the
expression of endogenous Lfng. Lfng expression was examined556 Developmental Cell 24, 554–561, March 11, 2013 ª2013 Elsevier2 hr postelectroporation with anti-mir-125MO, when the targeted
region of the embryo is confined to the PSM. In embryos electro-
porated with control morpholinos, Lfng expression is cyclic
(Figures 2Da–2Dc). In contrast, all embryos electroporated with
anti-mir-125aMO exhibit stable Lfng expression in the caudal
PSM as well as a band in the rostral PSM (n = 15/15; Figure 2Dd).
The expression of a stable Lfng stripe in the anterior PSM may
reflect the distinct control mechanisms found in the anterior
and posterior PSM (Cole et al., 2002). The sustained, nonoscilla-
tory expression of Lfng in the posterior PSM, where the clock is
active, suggests that loss of mir-125a-5p activity stabilizes the
Lfng transcript, preventing its rapid turnover.
To assess whether the change in the Lfng expression reflects
a direct effect on endogenous Lfng RNA transcripts, as opposed
to an indirect effect on Lfng transcription, we examined the
expression of newly transcribed Lfng using an in situ probe for
the first intron of the gene (Morales et al., 2002). In control
embryos, dynamic expression of intron-containing Lfng tran-
scripts is observed, with embryos exhibiting a single anterior
band or an anterior band and a posterior band of varying width
(Figures 2Ea and 2Eb). This dynamic pattern is maintained in
embryos electroporated with anti-mir-125aMO (Figures 2Ec and
2Ed), suggesting that, in the short time frame of these experi-
ments, loss of mir-125a-5p activity directly affects turnover of
mature Lfng transcripts. Further, we find that the c-hairy-1
expression pattern appears oscillatory 2 hr posttransfection
with anti-mir-125aMO (Figure 2F). This is expected, as c-hairy-1
oscillations have been shown to persist for one or two cycles
even in the presence of cycloheximide (Palmeirim et al., 1997);
thus, we do not predict an overt effect on c-hairy-1 oscillations
within the short time frame of this experiment, unless there are
direct effects of c-hairy-1 transcript stability. Together, these
data suggest that the short-term effects of mir-125a-5p act
through effects on Lfng transcript stability.
Direct Interactions between Endogenous mir-125a-5p
and the Lfng 30 UTR Are Required for Normal
Somitogenesis and Clock Function
The segmentation phenotypes observed when mir-125a-5p
activity is inhibited are reminiscent of those observed when
Lfng is ubiquitously expressed in the chick PSM (Dale et al.,
2003), supporting the hypothesis that mir-125a-5p inhibition
affects Lfng expression. To further investigate the specificity of
this effect, we directly examined the functional relevance of the
mir-125a-5p:Lfng interaction, using target protectors (TPs)
(Choi et al., 2007) to specifically disrupt the binding of endoge-
nous mir-125a-5p to endogenous Lfng transcripts in chick
embryos. TPs bind to miRNA recognition sites in mRNAs, phys-
ically preventing interactions between endogenous transcripts
and the miRNA (Figure 3A). A TP that binds to and blocks the
mir-125a-5p binding site in the chick Lfng 30 UTR (Lfng-TPmir125a)
or a control TP complementary to a nearby conserved site in the
chick 30 UTR (Lfng-TPCtrl) was used (Figure 3A; Supplemental
Experimental Procedures). In cell culture, these TPs do not
themselves affect expression from transcripts containing the
Lfng 30 UTR, but Lfng-TPmir-125a protects transcripts from
the effects of exogenous mir-125a-5p (Figure S3), indicating
that Lfng-TPmir-125a blocks binding of mir-125a-5p to the 30
UTR. Specifically blocking interactions between endogenousInc.
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Figure 2. Inhibition of mir-125a-5p Perturbs Somitogenesis in Chicken Embryos and Stabilizes Lfng Transcripts in the PSM
(A) Electroporation of anti-NC#1MO has no effect on somite morphology (a), while electroporation of anti-mir-125aMO results in abnormal somite morphology with
absent (dashed line) or disorganized (arrows) intersomitic boundaries in electroporated regions (b).
(B) Uncx4.1 staining is reduced and diffuse in embryos electroporated with anti-mir-125aMO (dashed line, b) compared to anti-NC#1MO (a). Note relatively normal
somites in the older region of the anti-mir-125aMO embryo in the region that is less positive for the morpholino (square bracket). The same embryo is pictured in
(Aa) and (Ba).
(C)MyoD expression is disorganized in somites electroporated with anti-mir-125aMO (dashed line, b) compared to embryos electroporated with anti-NC#1MO (a).
Note normal myotomes in the unelectroporated regions of the anti-mir-125aMO embryo (square brackets).
(D) Two hours postelectroporation with anti-NC#1MO, endogenous Lfng is observed in the three described phases (Pourquie´ and Tam, 2001). In contrast, in anti-
mir-125aMO-positive embryos, robust, noncyclic Lfng expression is observed in the caudal PSM of all embryos (d, n = 15/15).
(E) In situ analysis with a probe specific for the Lfng intron demonstrates that both control embryos (a and b) and embryos electroporated with anti-mir-125aMO
(c and d) exhibit dynamic patterns of newly transcribed Lfng RNA.
(F) c-hairy-1 expression is cyclic in control embryos (a–c) or in embryos electroporated with anti-mir-125aMO. (d–f) Right-hand panels reflect the fluorescein signal
demarcating the electroporated regions of each embryo.
Fl, fluorescein. Degree of electroporation efficiency designated as ++, strong; +, moderate; (+), weak; , negative. Arrowheads indicate the most recent somite
boundary. See Figure S2 for fluorescein images as well as analysis of mir-125a-5p by in situ in electroporated embryos.
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mir-125a-5p Regulates Lfng during Somitogenesismir-125a-5p and Lfng in the chick PSM with Lfng-TPmir-125a
severely perturbed segmentation. Somites were disorganized
(n = 21/21, Figure 3B), with diffuse and reduced Uncx4.1 expres-
sion (Figure 3C). Myotome formation occurred, but compart-
ments exhibited abnormal size and spacing reflecting underlying
defects in somite morphogenesis (Figure 3D). To examine the
effects of mir-125a-5p on cyclic Lfng expression, we examined
the expression of endogenous Lfng mRNA 2 hr after electro-
poration of target protectors. All embryos positive for Lfng-
TPmir-125a exhibit strong, nonoscillatory Lfng expression in theDevelocaudal PSM (n = 14/14, Figure 3E). Thus, LfngTPmir-125a recapit-
ulates the phenotypes seen after mir-125a-5p inhibition, indi-
cating that interactions between mir-125a-5p and Lfng are
essential for proper somite formation and clock function in the
developing chick embryo.
Stabilization of Lfng Transcripts Affects Clock Function
via a Feedback Loop
Models of the segmentation clock predict that altering themRNA
half-life of individual clock components will eventually perturbpmental Cell 24, 554–561, March 11, 2013 ª2013 Elsevier Inc. 557
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Figure 3. Blocking Interactions between mir-125a-5p and Lfng
Perturbs Somitogenesis and Segmentation Clock Function
(A) Schematic of the Lfng 30 UTR and the TPs used, with the singlemir-125a-5p
binding site in chicken. Approximate positions of Lfng-TPCtrl (blue) and Lfng-
TPmir-125a (red) are shown (not to scale).
(B) Electroporation of Lfng-TPctr has no effect on somitemorphology (a and a0),
while electroporation of Lfng-TPmir-125a results in abnormal somite morphology
with absent (dashed lines) or disorganized (*) intersomitic boundaries
(b and b0).
(C) Uncx4.1 expression is disorganized and sometimes reduced in Lfng-
TPmir-125a-positive embryos (dashed line, b and b0 ) compared to embryos
electroporated with Lfng-TPctr (a and a0). Note relatively normal somites in the
less positive region of (b) (square bracket).
(D)MyoD expression in the somites of Lfng-TPmir-125a-positive embryos (b and
b0) indicates that myotomes are formed, but somite compartments are of
irregular sizes (*) compared to embryos electroporated with Lfng-TPctr (a and
a0). In some regions of the embryo, MyoD expression is strongly down-
regulated or delayed (dashed line, b).
(E) Two hours postelectroporation, cyclic expression of endogenous Lfng
is observed in Lfng-TPCtrl embryos (a–c), while robust, noncyclic Lfng
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558 Developmental Cell 24, 554–561, March 11, 2013 ª2013 Elsevieroscillations of other clock-linked genes, as the feedback
loop affects the transcription of other clock components like
c-hairy-1 (Feng and Navaratna, 2007; Gonza´lez and Kageyama,
2009; Hirata et al., 2004). To address this issue, we examined
endogenous Lfng and c-hairy-1 expression 8 hr (approximately
five cycles) after electroporation. At this time point, all embryos
positive for Lfng-TPmir-125a express Lfng as a single band in the
anterior PSM, with no expression observed in the caudal
PSM. This suggests that Lfng expression stabilizes at a level
below our limit of detection after long-term inhibition of the
mir-125a:Lfng interaction (n = 15/15, Figure 4A). Disrupting inter-
actions between mir-125a-5p and Lfng also perturbs c-hairy-1
oscillations, with all Lfng-TPmir-125a-positive embryos exhibiting
constitutive c-hairy-1 expression in the caudal PSM (n = 15/15;
Figure 4B). This suggests that the segmentation defects
observed after inhibiting mir-125a-5p:Lfng interactions result
from disruption of segmentation clock function, and that altering
Lfng transcript stability affects other clock components via
feedback loops.
DISCUSSION
Our results suggest thatmir-125a-5p functions in posttranscrip-
tional regulation of the chick segmentation clock by destabilizing
Lfng transcripts. Although miRNA-based regulation in animal
systems has been suggested to act largely via translational effi-
ciency, it is clear that transcript turnover is frequently acceler-
ated by miRNAs (Baek et al., 2008; Guo et al., 2010). Overall,
our findings are consistent with a model wherein blocking inter-
actions betweenmir-125a-5p and Lfng in chick embryos initially
results in stabilization of LfngmRNA, althoughwe cannot rule out
that this interaction may also affect translational efficiency of the
transcripts (Figure 4C).
Because Lfng is a component of the oscillating clock
machinery, functioning in a negative feedback loop along with
Notch1 and c-hairy-1, the increase in Lfng transcript stability is
predicted to have a long-term effect on the expression of other
clock components (Figure 4C). Consistent with this, we observe
a loss of robust oscillation of clock genes after long-term inhibi-
tion of mir-125a-5p, with very low expression of Lfng in the
caudal PSM (below our levels of detection by in situ), and a stable
increase in the expression of c-hairy-1 (Figure 4C). Therefore, we
propose a model where miRNAs function to regulate transcript
turnover and/or translational delays in the chicken segmentation
clock, facilitating the oscillatory dynamics generated by the
delayed negative feedback loop during the rapid period of the
clock. During the revision of this manuscript, it was reported
that mir-9 expression can influence the oscillatory expression
of a Hes1 luciferase reporter in tissue culture, supporting the
idea that miRNA:transcript interactions can be important in the
regulation of cyclically expressed genes (Bonev et al., 2012).
The work here extends this finding by altering endogenous
miRNA:transcript interactions in vivo and revealing a robustexpression is observed in the caudal PSM of Lfng-TPmir-125a-positive embryos
(d, n = 14/14). Fl: fluorescein as described in Figure 2. Arrowheads indicate the
most recent somite boundary.
See Figure S3 for analysis of target protector activity in cell lines, and Figure S4
for fluorescein images.
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Figure 4. Long-Term Inhibition of Interactions between mir-125a-5p and Lfng Perturbs the Oscillatory Expression of Genes Linked to the
Segmentation Clock via Feedback
(A) Eight hours postelectroporation, cyclic expression of endogenous Lfng is observed in Lfng-TPCtrl embryos (a–c) while endogenous Lfng expression is
noncyclic, with no expression detected in the caudal PSM of Lfng-TPmir-125a-positive embryos (d, n = 15/15).
(B) Eight hours postelectroporation, cyclic expression of endogenous c-hairy-1 is observed in Lfng-TPCtrl embryos (a–c), but noncyclic c-hairy-1 expression is
observed in the caudal PSM of Lfng-TPmir-125a-positive embryos (d, n = 15/15). Fl, fluorescein; + and ++ indicate relative levels of fluorescein signal, images
available in Figure S4.
(C) Model for effects of mir-125a-5p in the clock. Stable clock oscillations are governed in part by interlocking feedback loops where Notch activates Lfng and
c-hairy-1 (green arrows), while LFNG protein inhibits Notch signaling, and c-hairy-1 protein inhibits its own transcription and that of Lfng (red lines). The lengths of
delays imposed by transcription rate and translational efficiency (dashed lines), as well as the half-lives of transcripts and proteins are critical for maintenance
of stable oscillations. mir-125a-5p is proposed to increase the rate of Lfng transcript turnover and/or decrease the efficiency of translation. In the absence of
mir-125a-5p, (middle) levels of Lfng transcript and LFNG protein increase. In the long term (right), the effect of increased Lfng transcript stability is loss of robust
oscillations, with stable, increased levels of c-hairy-1 transcript and stable decreased transcription of Lfng.
See also Figure S4 for fluorescein images.
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mir-125a-5p Regulates Lfng during Somitogenesisand dramatic phenotype, supporting the hypothesis that regula-
tion of oscillatory transcripts bymiRNAs play a critical, functional
role in the segmentation clock.
The conservation of this precise mechanism in other verte-
brates remains unclear. Recent findings suggest that conditional
inactivation of Dicer in the mesoderm of developing mouse
embryos may not affect clock function in the short term (Zhang
et al., 2011). However, inactivation of Dicer prevents miRNA
maturation, and significant data suggest that mature miRNAs
have long half-lives, ranging from 28 to 211 hr (Gantier et al.,
2011). Thus, even after cre-mediated excision of Dicer, it is
possible that cells in the PSM during early embryogenesis will
still contain mature miRNAs, and that the relatively normal
segmentation that was observed through E11.5 in this study
could perhaps rely on residual mature miRNAs that are present
in the caudal PSM cells.
We find that interfering with interactions betweenmir-125a-5p
and Lfng transcripts in vivo in chick embryos stabilizes those
transcripts in the PSM, suggesting an effect on RNA turnover.
However, transgenic analysis examining the function of the
Lfng 30 UTR in GFP reporter transgenes suggests that the mir-
125a-5p binding sites may not have a dramatic effect on the 30DeveloUTR’s ability to destabilize an mRNA stability in the mouse
PSM (data not shown). The possibility that the clock function of
mir-125a-5p might not be conserved between mouse and
chicken would not be surprising given that different organisms
can utilize completely distinct sets of protein components in their
segmentation clocks (Krol et al., 2011). Thus, it is possible that
different miRNA:transcript pairs are important in the mouse
segmentation clock, or that regulation occurs via translational
efficiency rather than through effects on transcript stability.
Testing of these models will require targeted mutation of the
mir-125a-5p binding sites in the Lfng 30 UTR at the endogenous
locus, to examine whether these binding sites are required for
normal mouse segmentation. However, it is attractive to hypoth-
esize that different mechanisms of posttranscriptional clock
regulation could contribute to the differences in clock period
observed among distinct vertebrate species.EXPERIMENTAL PROCEDURES
miRNA qRT-PCR
Total RNA was extracted from the PSM and mature somites of E 9.5
embryos and qRT-PCR was performed using Taqman primers specific forpmental Cell 24, 554–561, March 11, 2013 ª2013 Elsevier Inc. 559
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mir-125a-5p Regulates Lfng during Somitogenesismmu-mir-125a-5p, 2198, PN4395309 in triplicate on at least three biologically
independent replicates. Results showmean ± SD after normalizing expression
levels of the somite samples to 1. Significance was calculated by Student’s
t test.
In Situ Hybridization
RNA in situ hybridization was performed essentially as described with mRNA
probes (Shifley et al., 2008), or with digoxigenin-labeledmiRCURY LNA probes
(Exiqon) either in whole-mount embryos (Sweetman, 2011) or in section in situs
(Nuovo, 2011). Section in situs were performed essentially as described
(Nuovo, 2011). Details of mRNA probes and in situ protocols are provided in
the Supplemental Information.
Luciferase Assays
The mouse or chick Lfng 30 UTRwas amplified and cloned into pMIR-REPORT
(Ambion). PCR mutagenesis of the mir-125a-5p seed regions using primers
described in the Supplemental Experimental Procedureswas confirmed by
sequencing. Luciferase assays were performed in NIH 3T3 cells transfected
with reporter, pSVRenilla, and precursor miRNA. Cells were assayed for lucif-
erase activity 40 hr posttransfection (Promega). All values reflect at least three
independent experiments. Statistical analysis was performed using two-way
ANOVA, with Bonferroni post hoc.
In Ovo Electroporation
Fluorescein-tagged target protectors and anti-mir-morpholinos (Supple-
mental Experimental Procedures) were ordered from Gene Tools, LLC. To
reduce the chance of off target interference with other miRNAs, an antisense
morpholino corresponding to the NC#1 control sequence (Ambion) was
ordered for use as a control morpholino. As the NC#1 sequence does not
have predicted targets in vertebrate genomes, this morpholino is unlikely to
affect the activity of other miRNAs and was used in preference to a scram-
bled-sequence morpholino that might have exhibited unexpected effects. In
ovo electroporation was performed essentially as described (Dubrulle et al.,
2001). Embryos of Hamburger-Hamilton stage 7–8 (7–8HH) were used for in
ovo electroporation. Target protectors or anti-miR morpholinos were laid on
the anterior primitive streak using a glass capillary. An electric pulse of 6 V,
25mswas charged three times. Embryos were incubated for 2, 8, or 24 hr prior
to removal and analysis. Only embryos exhibiting robust fluorescein expres-
sion and normal morphology outside of the electroporated region were used
for analysis. For these analyses, 981 embryos were electroporated, with
between 15% and 60% of embryos being analyzed for any particular electro-
poration. A subset of embryos exhibited fluorescein-positive somites on only
one side of the embryo. Further protocol details are in the Supplemental Exper-
imental Procedures.
Animal Care and Use
The use of animals in these experiments was in accordancewith the guidelines
established by the National Institutes of Health and the Ohio State University.
Fertilized eggs (Gallus gallus domesticus) were obtained from the Department
of Animal Sciences at The Ohio State University. Mice were maintained in an
SPF facility under the care of the Ohio State University ILACUC.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.devcel.2013.01.024.
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